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Abstract
Spin polarized transient EPR spectra taken at X-band (9 GHz) and K-band (24 GHz) of membrane fragments of
Chlorobium tepidum and Heliobacillus mobilis are presented along with the spectra of two fractions obtained in the
purification of reaction centers (RC) from C. tepidum. The lifetime of PW is determined by measuring the decay of the EPR
signals following relaxation of the initial spin polarization. All samples except one of the RC fractions show evidence of light
induced charge separation and formation of chlorophyll triplet states. The lifetime of PW is found to be biexponential with
components of 1.5 ms and 30 ms for C. tepidum and 1.0 and 4.5 ms for Hc. mobilis at 100 K. In both cases, the rates are
assigned to recombination from F3X. The spin polarized radical pair spectra for both species are similar and those from Hc.
mobilis at room temperature and 100 K are identical. In all cases, an emission/absorption polarization pattern with a net
absorption is observed. A slight narrowing of the spectra and a larger absorptive net polarization is found at K-band. No
out-of-phase echo modulation is observed. Taken together, the recombination kinetics, the frequency dependence of the spin
polarization and the absence of an out-of-phase echo signal lead to the assignment of the spectra to the contribution from PW
to the state PWF3X. The origin of the net polarization and its frequency dependence are discussed in terms of singlet^triplet
mixing in the precursor. It is shown that the field-dependent polarization expected to develop during the 600^700 ps lifetime
of PWA3W0 is in qualitative agreement with the observed spectra. The identity that the acceptor preceding FX and the
conflicting evidence from EPR, optical methods and chemical analyses of the samples are discussed. ß 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction
Photosynthetic reaction centers (RC) fall into two
classes termed FeS type and Pheo-Q type or type 1
and type 2 [1,2] (see [3] for a recent structural com-
parison). In both types, the core of the reaction cen-
ter is a polypeptide dimer which binds the cofactors
involved in the light-induced electron transfer. The
whole arrangement ^ polypeptide dimer and cofac-
tors ^ has approximate C2 symmetry with two
branches of cofactors extending across the membrane
from the primary donor which is a chlorophyll
dimer. In type 2 RC, the electron is transferred along
one branch to the primary quinone acceptor, QA,
0005-2728 / 98 / $ ^ see front matter ß 1998 Elsevier Science B.V. All rights reserved.
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and then to the secondary quinone, QB, which is
located on the other branch. The two main examples
of this type of RC are plant photosystem II (PS II)
and RC of purple bacteria (bRC). In type 1 RC, the
electron transfer path is not as well understood. The
terminal acceptors, FX, FA and FB are three iron^
sulfur centers. FX is bound by both halves of the
polypeptide dimer which makes up the RC core
and FA and FB are located on a third protein which
docks onto the stromal side of the membrane. This
type of RC is exempli¢ed by plant photosystem I (PS
I) and RC of green-sulfur bacteria and heliobacteria.
In PS I, the electron transfer to FX occurs via a
chlorophyll monomer, A0, and a phylloquinone, A1.
At present, it is not clear whether there is an active
and inactive branch as in type 2 RC. However, the
properties of A3W1 in the charge separated state
PW700A
3W
1 indicate a unique acceptor site. The fact
that the RC is heterodimeric and the charge on
PW700 is localized on one of its two constituent chlo-
rophylls [4^6] also suggest that probably only one
branch is involved. Further evidence for a single ac-
tive branch comes from recent experiments on pe-
ripheral protein subunit deletion mutants [7] which
show that removal of subunits Psa E, F and L
changes the characteristics of the photoaccumlated
A3W1 EPR signal. The fact that these subunits are all
located on one side of the reaction center (distal to
the trimer symmetry axis), suggests the existence of
just one active branch located on this side.
The RC of green-sulfur bacteria and heliobacteria,
on the other hand, are thought to have a homodi-
meric core because the polypeptide subunits are en-
coded by a single gene [8,9]. Consistent with this, the
charge distribution over the two chlorophylls of the
primary donor in green-sulfur bacteria is symmetric
[6,10^12] and the EPR spectra of the triplet state of
the donor show reduced D-values indicative of
charge-transfer contributions or triplet delocalization
(see [13] for a short review). This suggests that the
electron transfer may not be unidirectional in these
RC and raises questions about the origin of the
asymmetry in more highly evolved species [14].
In order to address such questions, the details of
the electron transfer must be known. Despite the
comparative simplicity of the RC of green-sulfur
and heliobacteria, the kinetics and pathway of the
electron transfer are not well established. In partic-
ular, the involvement of a quinone acceptor analo-
gous to A1 in PS I is still an open question. Optical
and photovoltage studies [15^18] show that the en-
ergy trapping and formation of the state PWA3W0 oc-
curs within the ¢rst V50 ps and that A0 is a chlo-
rophyll a monomer. The lifetime of PWA3W0 is V600^
700 ps and the acceptor following A0 has been sug-
gested to be FX, on the basis of its redox potential
[15], absorption spectrum [17] and dielectrically
weighted transmembrane location estimated from
photovoltage measurements [18]. In addition, recent
UV transient absorption experiments [19] taken in
the range 360^450 nm on Heliobacillus mobilis
show no kinetics in the time range 2 ns^4 s under
oxidizing conditions, whereas only the 15 ns back
reaction from PWA3W0 is observed when FX is prere-
duced. These ¢ndings all suggest direct electron
transfer from A0 to FX and can be explained without
involving a quinone acceptor, analogous to A1 in PS
I, located between A0 and FX. This is supported by
studies of quinone depleted membranes of Helioba-
cillus chlorum which showed the same electron trans-
port kinetics as intact samples [20] and by a chemical
analysis of functionally active isolated RC from
Chlorobium tepidum which showed no extractable
quinone [21]. On the other hand, triple resonance
ENDOR experiments show that a semiquinone rad-
ical with properties similar to A3W1 can be photoaccu-
mulated in membranes of Chlorobium limicola under
strongly reducing conditions [22]. Recent Q-band
EPR studies of isolated RC preparations from Chlo-
robium vibrioforme [23] also show a photoaccumu-
lated semiquinone signal which can be assigned to
menaquinone-7 since no other quinone is present in
the samples. Moreover, upon long illumination the
quinone becomes doubly reduced and a chlorophyll
anion radical is photoaccumulated. In order to rec-
oncile these results, it has been suggested that the A1-
like quinone is not an intermediate in the electron
transfer to FX but might be responsible for a shunt
to cyclic electron transfer under high light conditions
[24]. However, the role of the quinone in heliobac-
teria and green-sulfur bacteria remains unclear.
Type 1 RC can be studied easily using time re-
solved EPR spectroscopy because the light excitation
generates highly spin-polarized radical pair states.
The spin-polarized EPR signals from PS I have
been studied extensively, in particular those from
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PW700A
3W
1 . Such data contain considerable information
about the charge separated states. From transient
EPR on quinone exchanged PS I, it has been shown
that A1 is vitamin K1 (a phylloquinone) [25,26]. The
spin polarized spectra [27,28] and quantum beat os-
cillations [29] show that A3W1 is oriented with its car-
bonyl bonds parallel to the vector joining PW700 and
A3W1 . From an analysis of the EPR transients at room
temperature, it was concluded that FX is the acceptor
following A1 [30] and the rate constant for the elec-
tron transfer from A3W1 to FX is k
31
et = 280 ns [30,31].
The same conclusion was also obtained from optical
[32] and spin echo EPR [33] experiments. Recent out-
of-phase echo experiments show that the distance
between PW700 and A
3W
1 is 25.3 þ 0.3 Aî [34,35] and a
structural model has emerged from PS I single crystal
studies [36,37].
Given the detailed information about the quinone
in PS I which has been obtained using time resolved
EPR, it is an obvious step to apply this technique to
heliobacteria and green-sulfur bacteria. However,
very few spin-polarized EPR data on these systems
exist [38,39]. This is partly a result of the di⁄culty in
preparing samples suitable for EPR studies, particu-
larly at room temperature. The ¢rst such spectra
were reported by Heathcote and Warden [38] for
C. limicola at 50 K. The £ash-induced polarization
pattern measured with 30 Ws time resolution was
thought to be similar to that of PS I and it was
postulated that the acceptor involved was FA.
More recently, it was pointed out that the spectrum
displays a net absorptive polarization [39] indicative
of singlet^triplet mixing during the electron transfer.
The fact that there is no di¡erence in the width of the
light induced spin polarized spectrum and the photo-
accumulated PW840 spectrum [38] suggests that the for-
mer spectrum is probably the PW840 contribution to
PW840FeS3. If this assignment is correct, it will be
more di⁄cult to obtain detailed structural informa-
tion from the spectra because only the contribution
from one radical partner is observed. However, by
studying the spectra at higher microwave frequency
and with better time resolution it should be possible
to show whether or not a quinone is involved in the
radical pair being observed. In addition, the net spin
polarization should give insight into the electron
transfer kinetics.
Here, we will present direct detection transient
EPR results at two microwave frequencies for reac-
tion centers of green-sulfur bacteria at low temper-
ature and for isolated membranes of heliobacteria at
room temperature and in frozen solution. From the
results we will address the following questions: (1)
Which charge separated states are present during the
time window from V10 ns to several microseconds
following light excitation? and (2) Is there any evi-
dence for the participation of a quinone in the elec-
tron transfer?
2. Materials and methods
2.1. Sample preparation
2.1.1. C. tepidum
Chlorosome-depleted membranes were prepared
by disruption of cells by French press treatment as
described in [40], washed in 20 mM Tricine-Tris pH
7.5+20 WM £avin mononucleotide (FMN, Sigma)
and concentrated by ultracentrifugation to
OD809 = 85^100 depending on the sample.
RC complexes were prepared according to [41].
The chlorosome containing membrane fragments
were solubilized with Triton X-100, the extract was
loaded onto a DEAE-cellulose column. The fractions
containing a high concentration of the RC complex
were puri¢ed further by sucrose density gradients.
This ¢nal step resulted in a separation of a brownish
green and a bluish green fraction, both of which
contained RC complexes [41]. For the transient
EPR experiments, several samples of the two frac-
tions with OD814V65^90 and OD810V90^130, re-
spectively, were obtained by ultracentrifugation.
An analysis of the samples [41,42] shows that the
brownish green fraction RC complex consists only of
the core protein PscA, the BChl a binding protein
(FMO protein) and a cytochrome c551 as electron
donor to the primary donor P840. The RCs in the
bluish green fraction are more intact and contain
¢ve polypeptides [41,42]: PscA, the FMO protein,
PscB (which carries the FeS centers FA and FB),
PscC and PscD (which stabilizes the RC complex)
[42].
The absorption spectra of the membrane frag-
ments and the bluish green fraction are nearly iden-
tical (see [40,41]). The maximum absorption is found
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at 809^810 and 600 nm for BChl a in the FMO
protein and in the RC core protein, at 670 nm for
the primary electron acceptor A0 (a Chl a molecule
[43]), at 551 nm for cytochrome c and in the region
of 400^500 nm probably from carotenoid. In the
brownish green fraction, the absorption peaks at
814 and 597 nm re£ect a lower FMO protein content
compared with the bluish green fraction. A pro-
nounced shoulder at 835 nm is due to the primary
donor, P840. As in the bluish green fraction Chl a as
A0, cytochrome c and carotenoids are detectable in
the spectrum.
Illumination of the samples with continuous far
red light results in a photobleaching of P840 in the
membrane fragments and in the bluish green frac-
tion, but not in the brownish green fraction. All three
samples show light induced oxidation of cyto-
chromes. However, the rise time of the absorption
change at 551 nm is much slower (several seconds)
in the brownish green fraction. The bluish green frac-
tion remains photoactive for several weeks if stored
anaerobically at 320‡C in the dark [42]. Further
characterization of the cofactors involved in electron
transport in the isolated RC complexes shows that
no quinone is extractable with organic solvents [21],
although 1P-hydroxymenaquinone-7,1P-oxymenaqui-
none-7 (chlorobiumquinone) and menaquinone-7
were present in the membranes.
The characterization of the FeS centers FX, FA
and FB by CW EPR spectroscopy on the membranes
and the isolated RC complex in the bluish green
fraction and are described in more detail elsewhere
[44].
2.1.2. Hc. mobilis
The bacterium, obtained from DSM, Braunsch-
weig, was grown anaerobically in Medium 112
ATTC. Membranes were prepared by French press
treatment, concentrated by ultracentrifugation and
stored at 360‡C until use. To minimize exposure to
oxygen, all treatment was done with degassed bu¡ers
and under argon atmosphere.
2.2. EPR experiments
The transient EPR data were collected either in
direct detection mode or using 100 kHz ¢eld modu-
lation by accumulating the time dependent signals
over a suitable range of ¢xed magnetic ¢elds. A
Spectra Physics GCR 170 frequency tripled
NdYAG/MOPO 710 laser system was used for light
excitation. The X-band experiments where carried
out using a Bruker ER046 XK-T microwave bridge
equipped with either a Bruker Flexline split-ring or
dielectric resonator. Using the split-ring resonator,
direct mixer detection and a broadband preampli¢er,
the response time of the system is V20 ns. Consid-
erably higher sensitivity is obtained using the dielec-
tric resonator, diode detection and a lower band-
width preampli¢er adjusted to the higher Q of the
resonator. In this con¢guration the system has a re-
sponse time of 100^200 ns. Using ¢eld modulation,
the response time is limited by the 10 Ws cuto¡ of the
lock-in ampli¢er. The temperature was controlled us-
ing an Oxford liquid He gas-£ow cryostat. The K-
band measurements were done with a home-built
spectrometer which is described in detail elsewhere
[45]. The low temperature experiments were done
on samples frozen in the dark and the room temper-
ature measurements on Hc. mobilis were done using
a closed £ow system under an Argon atmosphere. All
samples contained V1 mM sodium ascorbate and
V50 WM PMS as external redox agents.
3. Results
3.1. X-band radical pair spectra
In Fig. 1, the spin polarized X-band transient EPR
spectra of C. tepidum and Hc. mobilis are compared
in the g = 2 region. In the ¢gure, the integrated signal
intensity at early times is plotted (see ¢gure caption).
The spectra of chlorosome depleted membranes
(dashed curve) and of the bluish green RC fraction
(solid curve) from C. tepidum at 100 K are shown in
the top part of the ¢gure. The C. tepidum brownish
green fraction gave no signal in the g = 2 region. In
the bottom part, spectra from membrane fragments
from Hc. mobilis at 100 K (solid curve) and 295 K
(dashed curve) are compared. The spectra arise from
RC in which the charge recombination is faster than
the 10 Hz repetition rate of the laser. As can be seen,
all four spectra are quite similar. The ¢rst derivatives
of the spectra (not shown) also resemble the spectra
reported previously for C. limicola [38] C. vibrioforme
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[39]. The Hc. mobilis spectra in liquid and frozen
solution (Fig. 1 bottom) are identical, whereas the
spectra of the bluish green fraction and membranes
from C. tepidum (top left) show a slight di¡erence on
the low ¢eld side. In all four spectra, the absorption
is stronger than the emission. Such a net polarization
can occur as a result of singlet^triplet (ST) mixing in
the precursor when the contribution of only one of
the radical partners in the subsequent pair is ob-
served [39,46]. As can be seen in Fig. 1, the net ab-
sorptive polarization, and implicitly the rate of ST
mixing, is larger in the C. tepidum samples and larg-
est in the bluish green fraction. This will be discussed
in more detail below. The assignment of the spectra
is not immediately obvious. For Hc. mobilis, photo-
voltage and optical measurements indicate that the
lifetime of A30 is V600^700 ps and that the acceptor
following A0 is probably FX [17^19]. For green-sul-
fur bacteria, a similar lifetime has also been esti-
mated [16]. This implies that the spectra are the con-











respectively. However, a clear-cut assignment cannot
be made only on the basis of the X-band spectra in
Fig. 1.
3.2. Triplet spectra
In addition to the spectra in the narrow region
around g = 2 shown in Fig. 1, all of the samples
show much broader triplet spectra (not shown).
Although the triplet spectra are not at the center of
attention in this paper, they contain information
about processes competing with the charge separa-
tion and hence are important for characterizing the
samples. In RC, triplet states can be generated as a
result of either: (1) ine⁄cient energy transfer to the
primary donor which allows intersystem crossing
(ISC) to take place in the antennae; or (2) blocked
secondary electron transfer which leads to recombi-
nation of the primary radical pair to the triplet state
of the donor. The two mechanisms lead to di¡erent
characteristic polarization patterns and dimeric and
monomeric chlorophyll species can be distinguished
by their di¡erent zero ¢eld splitting (ZFS) parame-
ters (for a review see [47]). Listed in Table 1 are the
ZFS parameters MDM and MEM evaluated from the
spectra of the various samples along with tentative
assignments of the triplet species.
3.2.1. Membrane samples
For the C. tepidum membranes, the ZFS parame-
ters and polarization pattern are consistent with a
chlorophyll monomer populated by ISC [48], where-
as the Hc. mobilis membranes show a carotenoid-like
triplet spectrum but no indication of triplet states of
either chlorophyll monomers or P798.
3.2.2. Bluish green fraction
For the bluish green C. tepidum RC fraction a
superposition of triplet spectra is observed. The dom-
inant triplet component has an AEEAAE polariza-
tion pattern and reduced MDM value typical of 3P840
formed by the recombination of the primary radical
pair. In addition, there is a weak contribution, from
chlorophyll monomers, with the same width and po-
larization pattern as found for the membrane sample.
Thus, the forward electron transfer appears to be
Fig. 1. Comparison of the X-band transient EPR spectra of
two C. tepidum preparations (top) and Hc. mobilis membranes
at two temperatures (bottom). C. tepidum : T = 100 K, time win-
dow = 0.4^2 Ws, excitation wavelength = 630 nm, mw fre-
quency = 9.656 GHz, mw power = 1 mW. Hc. mobilis : T = 100
K, time window = 0.2^1 Ws, excitation wavelength = 532 nm, mw
frequency = 9.735 GHz, mw power = 1 mW. T = 295 K, time
window = 0.4^2 Ws, excitation wavelength = 532 nm, mw fre-
quency = 9.672 GHz, mw power = 1 mW. A linear baseline cor-
rection has been applied to all spectra to remove a broad back-
ground triplet spectrum (see text).
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partially blocked in this sample. The value of MDM
(Table 1) is the same as that reported for prereduced
C. limicola samples using CW-EPR at 5 K [49]. In
contrast, MEM= 33U1034 cm31 is about 20% smaller
than the low temperature value of 40U1034 cm31
[49] probably as a result of changes in the triplet
delocalization at higher temperature. The complete
temperature dependence of the D and E values of
3P840 is currently being investigated and will be pre-
sented elsewhere.
3.2.3. Brownish green fraction
The triplet spectrum from the brownish green frac-
tion is also due to more than one species. Again,
there are weak contributions which we assign to
chlorophyll monomers as in the membranes and blu-
ish green fraction. The remaining features are due to
a species with a D value similar to that of 3P840, but
with an E value which is much larger than found for
the bluish green fraction (see Table 1). The
EEEAAA polarization pattern suggests that the trip-
let is generated by intersystem crossing. Thus, it is
probably formed because the electron transfer from
P840 to A0 is blocked due to damage to the protein
and/or chlorophyll. Oh-oka et al. have also reported
triplet formation in similar RC particles from C. li-
micola [50], but suggest that the triplet is formed
through charge recombination. It is possible that
this is due to di¡erences in the preparations. How-
ever, the route by which the triplet is populated can-
not be determined unambiguously from their absorp-
tion di¡erence data. There is little evidence in the
EPR data to suggest that electron transfer takes
place in the brownish green sample. In principle,
charge separation and fast recombination from A0
to the singlet state of P840, which has no EPR signal,
could occur. However, this seems quite unlikely
since the recombination is to the triplet state in
the bluish green fraction and in prereduced samples.
On the other hand, the slow photo-oxidation of
cyt551 indicates that short lived charge separation
may occur in a fraction of the centers at room tem-
perature.
To summarize: in addition to some 3BChl a con-
tribution which is present in all three samples, there
is considerable population of 3P840 formed in the
bluish green fraction through recombination from
PWA3W0 . Such behavior might be expected if the ac-
ceptor following A3W0 were lost in a portion of the RC
during the preparation. Finally, in the brownish
green fraction charge separation appears to be com-
pletely blocked resulting in formation of only 3P840
by intersystem crossing. The narrow radical pair sig-
nal, probably due to PWF3X (Fig. 1), is observed in
the two membrane samples and bluish green fraction,
but not in the brownish green fraction.
3.3. Out-of-phase echo experiments
Support for the initial assignment of the spectra in






X comes from spin echo
experiments. When both partners of a weakly
coupled radical pair are excited by the microwave
pulses in such an experiment, the resulting spin
echo is phase shifted by 90‡ compared to that of
uncoupled radicals [51,52]. However, if the excitation
bandwidth is narrow and only one of the two part-
ners of the radical pair is excited no phase shift oc-
Table 1
ZFS parameters and assignments of the triplet spectra
Sample MDM (1034 cm31) MEM (1034 cm31) Assignment Population mechanisma
C. tepidum
Membranes 290 þ 10 47 þ 5 Chl. monomer ISC
Bluish green fraction 208 þ 1 33 þ 1 3P840 RP
290 þ 10 ^ Chl. monomer ISC
Brownish green fraction 209 þ 1 58 þ 1 3P840 ISC
290 þ 10 ^ Chl. monomer ISC
Hc. mobilis
Membranes 370 þ 1 34 þ 1 Carotenoid ISC
aISC, intersystem crossing; RP, radical pair recombination.
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curs. From the amplitude modulation of the phase
shifted echo, it is possible to accurately determine the
spin^spin coupling from which the distance between
the radicals can be obtained [35,53]. We have per-
formed such experiments on the Hc. mobilis mem-
brane sample and were unable to observe a phase
shifted echo. Thus, we can conclude that the spectra
in Fig. 1 represent the contribution from only one of




3.4. Charge recombination kinetics
The lifetimes of PW840 and P
W
798 provide additional
information on which the assignment of the spin po-
larization can be based. In PS I, it has been shown
that a distribution of rates for the electron transfer to
the iron^sulfur centers is observed at low tempera-
ture, probably as a result of a distribution of local
environments in the glass-like frozen protein (see [54]
for a review). This leads to recombination from
PW700A
3W
1 in a portion of the centers and stable charge
separation in the complementary portion. The major
component of the PW700 decay is due to recombination
from PW700A
3W
1 with dW290 Ws with a minor compo-
nent due to recombination from PW700F
3
X with d= 50^
Fig. 3. Comparison of the X-band and K-band radical pair
spectra of C. tepidum RC and Hc. mobilis membranes and PS I
in frozen solution. The spectra have been plotted such that the
total width in mT and the zero crossing points of the middle
and bottom curves are the same. Top, PS I: the spectra have
been obtained from Synnechococcus elongatus as reported in
[28]. Solid curve, X-band (9.70563 GHz), T = 150 K, excitation
wavelength = 532 nm; dashed curve, K-band (24.2675 GHz),
T = 100 K, time window = 0.1^1.0 Ws; laser excitation = 635 nm.
Middle, C. tepidum bluish green fraction: solid curve, X-band
(9.71074 GHz), T = 100 K, time window = 0.4^1.6 Ws, laser exci-
tation wavelength = 670 nm; dashed curve, K-band (24.2338
GHz), T = 100 K, time window = 0.02^1.0 Ws, laser excitation
wavelength = 635 nm. Bottom, Hc. mobilis : solid curve, X-band
(9.69947 GHz), T = 100 K, time window = 0.8^2.0 Ws laser exci-
tation wavelength = 640 nm; dashed curve, K-band (24.2370
GHz), T = 100 K, time window = 0.4^2.2 Ws, laser excitation
wavelength = 635 nm.
Fig. 2. Kinetic traces and spectra of C. tepidum membranes
(top), C. tepidum RC complexes, bluish green fraction (middle)
and Hc. mobilis membranes (bottom) measured using ¢eld mod-
ulation and lock-in detection. T = 100 K, B0=346.1 mT (uncor-
rected), mw frequency = 9.726 GHz, mw power = 10 mW, modu-
lation amplitude = 1.4 mT (uncalibrated).
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400 ms [54]. These rate constants and the relative
amplitudes associated with them can be determined
by measuring the time dependence of the PW signal
in a transient EPR experiment using standard 100-
kHz ¢eld modulation. Transients of this type for C.
tepidum membranes, C. tepidum RC (bluish green
fraction) and Hc. mobilis membranes are shown in
Fig. 2. For the two C. tepidum samples, the signal
decays biexponentially with time constants of dW1.5
and dW30 ms. The relative amplitudes of the two
phases are about the same in the two samples. The
signal from Hc. mobilis decays with dW2.4 ms, but
slightly better agreement with the decay curve is ob-
tained with a biexponential decay with rate constants
d1W1 ms and d2W4.5 ms. A stable photoaccumu-
lated spectrum of P (not shown) is observed in ad-
dition to the transient, light induced signals in Fig. 2
(see also [38]). From a comparison of the amplitudes
of the light-dependent and stable signals, we estimate
that charge recombination occurs in at least V10%
and V25% of the RC for C. tepidum, and Hc. mobi-
lis, respectively. At room temperature, the PW signal
of the latter sample decays to zero with a time con-
stant typical of recombination from (FA/FB)3 and/or
reduction by cytochrome. The decay rate for Hc.
mobilis obtained from Fig. 2 agrees well with the
2^4 ms component observed in transient absorption
experiments [55]. This rate is faster than the 12^15
ms component observed optically above V240 K,
thus it was suggested in [55] that it should be as-
signed to either: (1) recombination from an inter-
mediate between A0 and FX ; or (2) faster recombi-
nation from PW798F
3
X as a result of a structural change
at low temperature. The latter assignment is sup-
ported by recent transient absorption experiments
using a pre£ash and a fast donor to study the recom-
bination kinetics in the presence of reduced FX.
These experiments show that recombination occurs
only from A0 when electron transfer to FX is blocked
[19]. We were unable to detect a light-dependent
component in the spectrum of F3A and it seems un-
likely that the recombination from (FA/FB)3 should
lie in the millisecond time range in one portion of the
RC and be of the order of hours or longer in anoth-
er. Thus, although we cannot completely exclude the
possibility that recombination from (FAFB)3 occurs,








3.5. K-band radical pair spectra
Further information regarding the assignment of
the spin polarized spectra comes from their micro-
wave frequency dependence. In Fig. 3, a comparison
of the X- and K-band spin polarized spectra of C.
tepidum (bluish green fraction), Hc. mobilis mem-
branes and PS I in frozen solution is shown. The
data are plotted such that the total width in mT
and the ¢eld position of the zero crossing points of
the C. tepidum and Hc. mobilis spectra are the same.
There are several features of this comparison which
are immediately apparent: (1) the C. tepidum and
Hc. mobilis spectra are quite di¡erent from those
found in PS I; (2) For PS I, the K-band spectrum
(solid curve) extends considerably further to lower
¢eld than the X-band spectrum (dashed curve),
whereas for C. tepidum and Hc. mobilis the X-band
spectrum is slightly broader than the K-band spec-
trum; and (3) For PS I the total emissive and ab-
sorptive contributions are the same at both the X-
and K-band, whereas for C. tepidum and Hc. mobilis
the absorptive contribution is stronger and the di¡er-
ence in the two contributions is larger at the K-band.
For PS I, the spectrum is due to PW700A
3W
1 and the
larger width at the K-band is due to the g-anisotropy
of A3W1 . From this, we can exclude the possibility that
the acceptor in the C. tepidum and Hc. mobilis spec-
tra is a quinone since this would lead to a consider-
ably broader spectrum at K-band. The narrowing of
the spectra at K-band is somewhat surprising since g-
anisotropy, if present, should result in a broader
spectrum and all other interactions are microwave
frequency independent. The most likely explanation
for this behavior is that it is due to the weaker emis-
sion on the low ¢eld side of the K-band spectrum
(see below). To understand the origin of the di¡er-
ence in the relative intensities of the emissive and
absorptive contributions we need to consider the ori-
gin of the spin polarization in more detail.
4. Discussion
4.1. Spin polarization and singlet^triplet mixing
The spin polarized transient EPR spectra of
PW(FeS)3 can be described using the correlated
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coupled radical pair model (CCRP) (see [39] for a
review) which in its most general form takes the
spin dynamics during the electron transfer into ac-
count. Initially, the spin system is in a singlet state,
however, if the sequential radical pairs involved in
the electron transfer live longer than V0.5 ns, the
precession of the spins leads to ST mixing which is
re£ected in the spin polarization. In principle, an
analysis of the polarization pattern can yield infor-
mation about the lifetime and magnetic interactions
in the precursor state. However, in practice this is
di⁄cult because of the number of unknown param-
eters entering the calculations. The e¡ect of the ST
mixing in the precursor is most pronounced in the
spectrum of PW700FeS3 in PS I [30,31] at room tem-
perature. The lifetime of PW700A
3W
1 is V280 ns [30]
which is long compared to the ST mixing frequency
(V100 MHz at the X-band, corresponding to a pe-
riod TW10 ns). As a result, the PW700 contribution to
the spectrum of the subsequent state, PW700FeS3, is
almost purely emissive [30,31]. On the other hand,
the lifetime of PWA3W0 is V35 ps which is much
shorter than the ST mixing period. Thus, PW700A
3W
1 is
generated in a pure singlet state, i.e. with no net
magnetic moment, and the transient EPR spectrum
has no net polarization (Fig. 3). In the case of C.
tepidum and Hc. mobilis, both the X- and K-band
spectra Fig. 3 have a net polarization which implies
that the lifetime of the precursor state must be su⁄-
ciently long to allow for ST mixing and that only the
contribution from PW is observed.
The theoretical treatment of spin polarization in
sequential radical pairs has been presented by several
authors [56^60] and is a rather complicated time de-
pendent density matrix problem. Here, we will dis-
cuss the spectra on the basis of a simpli¢ed model
¢rst described by Hore [59] and extended by Kan-
drashkin et al. [60]. In the model, the populations of
the secondary radical pair states
M81f  sin LMT0f cos LMSf;
M82f  cos LMT0f3sin LMSf 1
are calculated as a function of the time dependence
of the precursor states
M8
0
1f  sin KMT0f cos KMSf;
M8
0
2f  cos KMT0f3sin KMSf 2
The microwave ¢eld and coherence e¡ects in the sec-
ondary pair are not taken explicitly into account. At
long times compared to the electron transfer rate and
ignoring possible spin selective recombination in the
precursor, the populations can be expressed analyti-
cally [60]:
n81  cos2 L p 3
n82  sin2 L3p 4






where ket is the electron transfer rate and 6 is the ST
mixing frequency in the precursor. If the electron
transfer rate is su⁄ciently high, then the term p is
negligible and the populations correspond to the
square of the singlet character of the two states.
Because the intensities of the EPR transitions are
proportional to n, Eqs. 3^5 show that the e¡ect of ST
mixing is to introduce an extra contribution to the
spin polarization which is described by p. Thus, we
can investigate whether the observed net polarization
in Figs. 1 and 3 can be generated for various scenar-
ios for the electron transfer. The expression for p can
be simpli¢ed in the case of a short-lived precursor,
i.e. when ket is larger than the spin^spin coupling and
the ST mixing frequency in the precursor. If, in ad-
dition, the spin^spin coupling in the second pair is








where vg and (J+d/2) are the g-factor di¡erence and
spin^spin coupling in the precursor. Thus, in this
approximation, the net polarization depends on the
magnetic parameters of the precursor but not on
those of the radical pair being observed. In addition,
the net polarization increases linearly with the mag-
netic ¢eld or microwave frequency. If the precursor
to PWF3X is P
WA3W0 , the conditions of a short-lived
precursor and weak coupling in the subsequent rad-
ical pair are met quite well. Assuming vg = 1033,
(J+d/2) = 1 mT and k31et = 700 ps yields pW5U1033
at X-band and pW1.4U1032 at K-band. Since the
sign of the contribution to the spectrum from p is the
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same for both transitions associated with PW, the net
polarization is IpWp cos2 L p sin2 L  p. The in-
tensity of the transitions in the absence of ST mixing
is I0 = cos2 L sin2 L. In the case of PWF3X the g-factor
di¡erence between the radicals is large and
cos LWsin LW 1
2
p . This gives I0  14. However, this
will be considerably reduced due to the overlap of
the two transitions of the antiphase doublet as a





where vB is the inhomogeneous linewidth and
(2J32d) is the separation of the two overlapping
lines. Taking vBW1 mT and (J3d)W0.1 mT yields
IW1032. Thus, we estimate Ip/IW0.5 at X-band and
Ip/IW1.4 at K-band if the precursor is PWA3W0 with a
lifetime of 600^700 ps. The spectra in Fig. 3 give
values for Ip/I of 0.5 and 0.6 for C. tepidum and
0.2 and 0.5 for Hc. mobilis at the X-band and K-
band, respectively. Keeping the rough nature of our
estimate in mind, it is in good qualitative agreement
with the experimental spectra. Thus, the observed net
polarization is consistent with that expected to devel-
op during the lifetime of PWA3W0 .
As can be seen in Eq. 6, the sign of the net polar-
ization also contains information about the precur-
sor. The spectrum of PWF3X from Hc. mobilis and C.
tepidum show a net absorption (Fig. 3), whereas
PW700FeS3 in PS I has an almost purely emissive
spectrum [30,31]. Clearly, this is a result of di¡eren-
ces in the lifetime and magnetic properties (vg, J and
d) of the precursors in the two systems. However, a
more detailed interpretation requires numerical sim-
ulations of the spectra. Such simulations depend on a
large number of parameters and in order to obtain
meaningful results as many of them as possible
should be held ¢xed. For Hc. mobilis and C. tepidum,
there is very little independent information for the
parameters at present so that a quantitative analysis
has only exploratory character. As a starting point,
the values of the corresponding parameters in PS I
can be used. Preliminary calculations of this type
which will be presented elsewhere [61] suggest that
the di¡erent signs of the net polarization in the spec-
tra of PW700FeS3 in PS I and Hc. mobilis and C.
tepidum can be explained as a result of di¡erences





From the microwave frequency dependence of the
spectra and the qualitative analysis of the net polar-
ization, we can draw the following conclusions: (1)
the experimental spin polarization pattern is the PW
contribution to the spectrum of PWF3X ; and (2) the
amplitude and microwave frequency dependence of
the net spin polarization which develops during the
600^700 ps lifetime of PWA3W0 is in qualitative agree-
ment with the experimental spectra.
4.2. Electron transfer kinetics and pathway
The observation of a photoaccumulated semiqui-
none using EPR and triple resonance ENDOR tech-
niques [22,23], and the presence of 1.4 and 1.8 me-
naquinone molecules in isolated RC from Hc. mobilis
[62] and C. vibrioforme, respectively suggest that a
quinone is involved in the forward electron transfer.
However, the behavior of the C. tepidum bluish green
RC fraction, studied here places this in doubt. The
forward electron transfer to the iron sulfur centers in
this sample occurs despite the fact that a chemical
analysis revealed no quinone [21]. The latter result
shows that a quinone acceptor is not necessary for
low temperature electron transfer to the iron^sulfur
centers but does not exclude the possibility that it is
nonetheless involved in intact RC. The di¡erences in
the spin polarized spectra of the bluish green fraction
and membranes (Fig. 1 top) and the fact that recom-
bination to 3P840 occurs in the bluish green fraction
both indicate that the forward electron transfer is
partially blocked in the latter sample, possibly be-
cause the quinone has been lost. Similar behavior
has also been observed with PS I for which low tem-
perature reduction of FA, FB and FX has been ob-
served in quinone extracted and intact RC [63].
However, in contrast to PS I in which the electron
transfer from A3W1 to FX has been observed with sev-
eral spectroscopic methods, there is no direct kinetic
evidence for the involvement of a quinone or another
acceptor between A0 and FX in heliobacteria or
green-sulfur bacteria. A possible explanation for
this is that the lifetime of the quinone is very short,
making it di⁄cult to detect. However, recent double-
£ash experiments [19] on Hc. mobilis in the presence
of a fast donor do not give any indication of recom-
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bination from PW798A
3W
1 in the presence of reduced FX.
This implies that the semiquinone which is photoac-
cumulated is not involved in normal forward electron
transfer. On the other hand, it is conceivable that if
the main component of the electron transfer from
A3W1 were in the membrane plane it would result in
a small photovoltage change and thus be hard to
detect. Similarly, if the change in extinction coe⁄-
cient associated with the reduction of the acceptor
were small, it would be di⁄cult to observe with tran-
sient absorption spectroscopy.
None of these arguments provides a completely
satisfying explanation for the apparent discrepancy
between the CW-EPR photoaccumulation and opti-
cal results. One possible way of resolving this dis-
crepancy is to replace the native quinone with other
acceptors which would be expected to be less e⁄cient
in accepting the electron and transferring it to FX. If
the quinone is not involved in normal electron trans-
fer as suggested by the optical data, such a substitu-
tion should have little e¡ect on the system. On the
other hand, if the quinone is involved as suggested
by photoaccumulation studies, then the state PWQ3W
is likely to be su⁄ciently long lived in quinone sub-
stituted samples to be observed with transient EPR.
5. Conclusions
The transient EPR results presented here, con¢rm
that the electron transfer to the iron^sulfur centers in
heliobacteria and green-sulfur bacteria occurs on a
timescale faster than V50 ns and is thus consider-
ably faster than in PS I. However, the nature of the
precursor to PWF3X remains unclear. As we have
shown, the observed net polarization is comparable
to that expected to develop during the lifetime of
PWA3W0 . However, we are not able to resolve the ap-
parent contradiction between photoaccumulation
EPR results, which suggest the presence of a quinone
acceptor, and transient absorption, photovoltage and
chemical analysis data which indicate that there is no
quinone involved in the electron transfer. Additional
experiments at higher microwave frequency and on
quinone exchanged samples are in progress to im-
prove the data sets for the calculations which will
allow a more detailed analysis of the polarization
pattern and give more insight into the electron trans-
fer pathway.
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